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Evaluation  of  a  Reactlve-Heat-Plpe  Employing  an  Arterial  Wick 


Summary 

This  Investigation  Is  considering  the  development  of  combustor  systems 
based  on  the  chemical  reaction  between  gaseous  sulfurhexafluorlde  and  molten 
lithium.  This  reactant  combination  has  a  high  energy  density  on  both  a  weight 
and  volume  basis,  and  the  products  of  reaction  are  condensed  materials  which 
do  not  have  to  be  exhausted  to  the  ambient  environment.  These  characteristics 
make  the  liquid  metal  combustor  system  desirable  for  use  as  the  heat  source  of 
underwater  power  systems  using  closed  thermodynamic  cycle,  e.g.  Brayton, 
Ransklne,  Stirling  cycle,  etc. 

The  objective  of  the  Investigation  Is  to  develop  a  combustor  system 
which  can  operate  for  long  durations  with  variable  thermal  output.  The 
combustor  must  be  capable  of  shutdown  and  restarting,  refueling,  and  totally 
sealed  operation. 

Earlier  work  established  the  reactlve~heat-plpe  as  the  most  promising 
concept  for  meeting  these  objectives.  It  was  also  suggested  that  the  use  of 
arterial  wicks  could  Improve  the  performance  of  reactlve-heat-plpes  over 
conventional  wicks.  This  report  describes  the  results  of  an  Investigation  of 
the  arterial  wick  concept. 

The  Investigation  was  divided  Into  theoretical  and  experimental  phases, 
the  results  of  each  phase  of  the  study  may  be  summarized  as  follows: 

1.  Analysis 

Theoretical  models  were  constructed  to  determine  the  self-prlmlng  and  wick 
pumping  capabilities  of  arterial  wicks.  It  was  found  that  1mm  diameter 
arteries  would  be  capable  of  self-prlmlng  to  the  height  required  for 
experimental  purposes  with  an  adequate  factor  of  safety.  Auxiliary  tests 
were  conducted  which  substantiated  the  self-prlmlng  predictions. 

The  use  of  arterial  wicks  results  In  a  substantial  Increase  In  allowable 
wick  power  densities,  without  wick  dryout.  It  appears  that  arterial  wicks 
are  capable  of  wick  power  densities  on  the  order  of  MW/mZ,  providing  real 
potential  for  compact  combustor  systems.  In  these  circumstances,  the 
displacement  of  liquid  at  the  base  of  the  wick,  due  to  the  temperature 
and  thus  vapor  pressure  difference  across  the  wick,  becomes  the  limiting 
factor  In  reactlve-heat-plpe  design,  tending  to  limit  allowable  wick 
power  densities. 

2.  Experiments 

Based  on  the  analysis,  arterial  wick  assemblies  were  designed  for  use  with 
the  15kW  reactlve-heat-plpe  combustor  employed  In  earlier  testing.  The 
combustor  employs  two  Injector/wick  assemblies.  The  arterial  arrange¬ 
ment  Involved  the  use  of  four  1mm  diameter  arteries,  equally  spaced  around 
the  periphery  of  each  wick.  With  this  arrangement,  the  wick  pumping 
capability  was  predicted  to  be  AMW/m'^. 


i 


The  arterial  wick  configuration  was  tested  to  determine  maximum  wick  power 
densities  at  wick  burnout  conditions.  The  tests  Indicated  a  relatively  small 
Improvement  of  the  maximum  power  density  over  the  conventional  wick,  in  spite 
of  the  Improved  pumping  capability  of  the  wick  (burnout  conditions  Involved 
wick  power  densities  of  310-440kU/m^) .  This  result  suggests  that  burnout 
Is  due  to  very  nonuniform  combustion  rates  over  the  wick  surface,  perhaps 
Involving  deflection  of  the  oxidizer  jet  on  to  the  surface  of  the  wick. 

The  design  change  needed  to  avoid  this  problem  Involves  reducing  the  aspect 
ratio  (helght/dlameter)  of  the  wick  assembly.  Further  experiments  are 
required  to  test  this  possibility;  however.  If  this  approach  Is  successful 
arterial  wicks  could  provide  very  compact  combustor  configurations. 


V 


Acknowledgements 


This  research  was  supported  by  David  U.  Taylor  Naval  Ship  Research  and 
Development  Center,  Annapolis  Laboratory,  as  Technical  Agent  for  Defense 
Advanced  Projects  Agency,  under  contract  number  N00600>74-C0033. 


TABLE  OF  CONTENTS 


Abstract 


Summary 


Acknowledgements 


List  of  Tables 


List  of  Figures . . 


Nomenclature 


1.  Introduction 


2.  Reactlve-Heat-Plpe  Concept 


3.  Theoi 


3.1  Self-Priming  of  Arteries 

3.2  Wick/ Artery  Analysis  .  . 


4.  Theoretical  Results  and  Discussion 


4.1  Self-Priming  of  Arteries 

4.2  Wick/Artery  Performance  . 


4.2.1  Influence  of  Model  Assumptions  . 

4.2.2  Wick  Configuration  for  the  Tests 

4.2.3  Effect  of  Mesh  Size  . 


5.  Self-Priming  Tests 


5.1  Test  Apparatus  .  .  .  . 

5.2  Results  and  Discussion 


6.  Reactive-Heat-Pipe  Combustor  Tests 


6.1  Test  Apparatus  . 

6.2  Test  Results  and  Discussion 


7 .  Conclusions 


References 


f 


vii 

LIST  OF  TABLES 

Table  Title 

1  Standard  wick  configuration  .  11 

2  Maximum  artery  sizes  for  self-prlmlng  .  12 

3  Comparison  of  predictions  with  the  two  property  models  13 

4  Effect  of  mean  temperature  on  maximum  wick  power 

density . 14 

5  Effect  of  liquid  displacement  on  maxlmtjm  wick  power 

density  . .  15 

6  Effect  of  number  and  diameter  of  arteries  on 

maximum  wick  power  density  .  17 

7  Comparison  of  conventional  and  arterial  wicks  .  18 

8  Summary  of  self-prlmlng  test  results  .  22 

9  Design  summary  of  the  reactive-heat-pipe  employing 

arterial  wicks .  25 

10  Summary  of  arterial  wick  reactlve-heat-plpe  combustor 

test .  29 


vlll 


LIST  OF  FIGURES 

Figure  Caption  Page 

!•  Reactlve-heat-plpe  concept  .  3 

2.  Crossectlon  of  the  arterial  wick .  5 

3.  Sketch  of  a  wick  segment .  7 

4.  Effect  of  number  and  diameter  of  arteries  on  maximum 

wick  power  density .  16 

5.  Effect  of  mesh  size  on  maximum  wick  power  density  ...  19 

6.  Sketch  of  self-prlmlng  evaluation  apparatus  .  21 

7.  Photograph  of  the  wlck/artery  segment  after  Test  3  .  .  .  23 

8.  Side  view  of  the  experimental  reactlve-heat-plpe 

combustor .  26 

9.  End  view  of  the  experimental  reactlve-heat-plpe 

combustor .  27 

10.  Photograph  of  an  arterial  wick  assembly  prior  to 

Installation  In  the  combustor .  28 

11.  Total  power  variation  during  the  test  .  31 

12.  Condenser  wall  temperature  during  the  test .  32 

13.  Wick  power  densities  during  the  test .  33 

14.  Injector  pressures  during  the  test .  34 

15.  Photograph  of  the  wick  assemblies  after  the  test  ....  35 

16.  Circumferential  wall  temperature  distributions  .  37 

17.  Axial  wall  temperature  distributions  .  38 


Symbol 

A 

d 

a 

d' 

f 

g 

h 

"fg 

H 

K 

L 

^a 

A 

A" 

N 

q" 

Qr 

R 

Re 

s 

t 

W 

a 

y 


lx 

NOMENCLATURE 

Description 

area 

artery  diameter 

wire  diameter  of  screen 

Moody  friction  factor 

gravitational  acceleration 

self-prlmlng  height 

heat  of  vaporization 

«rlck  height 

wick  permeability 

liquid  surface  displacement 

crossectlonal  artery  length 

mass  flow  rate 

mass  flux 

mesh  size 

heat  flux 

heat  of  reaction 

meniscus  radius 

Reynolds  number 

artery  spacing 

wick  thickness 

crossectlonal  width  of  artery 
distance  from  top  of  wick 


X 


NOMENCLATURE  (continued) 


Synd>ol 

a 

6 

e' 

e 

V 

p 

a 

Subscripts 


Description 
parameter,  Eq.  (3-5) 
wire  spacing 
wick  void  fraction 
artery  angle 
viscosity 
density 

surface  tension 


A,  B,  C,  D 

f 

g 

max 

o 

W 


positions  in  Fig.  1 
viscous 
gravitational 
maximum  value 
bottom  of  wick 
wick 


Evaluation  of  a  Reactive-Heat-Pipe  Employing  an  Arterial  Wick 


Technical  Report 
June  1978 


1.  Introduction 


1.1  General  Objectives 

This  Investigation  Is  considering  the  development  of  a  combustor-heat 
transport  system  utilizing  the  chemical  reaction  between  molten  lithium  and 
gaseous  sulfurhexafluoride.  This  reaction  has  a  high  energy  density  and  the 
volume  of  the  combustion  products  is  approximately  equal  to  the  original 
volume  of  the  lithium.  Therefore,  reaction  products  do  not  have  to  be  exhausted 
from  the  system  and  the  combustor  can  operate  closed.  Due  to  these  operating 
characteristics,  the  Li-SFj  combustor  system  is  particularly  attractive  as  a 
thermal  energy  source  for  closed  heat-power  cycles  (Rankine,  Brayton,  etc.)  which 
generate  mechanical  power  for  underwater  applications. 

The  successful  operation  of  the  Ll-SFg  combustor  for  short  periods  (less 
than  Ih),  in  conjunction  with  a  power  cycle,  has  been  established  in  earlier 
work.  The  objective  of  the  present  investigation  is  to  develop  a  combustor 
system  capable  of  long  term  operation,  over  a  variable  thermal  load,  with 
periods  of  total  shut-down  followed  by  restart  after  a  storage  period  of 
arbitrary  length.  References  1-9  are  earlier  reports  describing  various  aspects 
of  the  study. 

Previous  work  has  established  that  the  reactive-heat-pipe  concept  is  a 
promising  approach  toward  meeting  program  objectives  [4-6,  9]*.  This  arrange¬ 
ment  involves  burning  the  lithium  from  one  side  of  a  wick  in  a  gaseous  environment 
fed  with  SFs.  The  other  side  of  the  wick  is  used  as  the  evaporator  of  a  heat 
pipe,  transporting  the  reaction  energy  to  the  load  heat  exchanger  of  the  closed 
power  cycle.  Prior  studies  have  demonstrated  the  feasibility  of  this  arrange¬ 
ment  [5,  6,  9].  It  was  also  concluded  that  the  use  of  an  arterial  wick  would 
allow  operation  of  the  system  at  high  power  densities  than  conventional  wicks. 
Increasing  the  compactness  of  the  combustor. 

The  present  Investigation  examines  the  use  of  arterial  wicks  for  the  reactlve- 
heat-pipe  combustor  in  more  detail.  Theoretical  analysis  was  completed  to 
determine  the  operating  limitations  of  the  arterial  arrangement,  and  to  indicate 
the  quantitative  improvement  of  system  performance  over  convention  wicks.  Tests 
were  conducted  to  demonstrate  the  feasibility  of  the  concept.  This  report 
considers  both  aspects  of  the  study. 


*  Numbers  in  brackets  designate  references  at  end  of  report. 


In  the  following,  a  description  of  the  reactive-heat-pipe  concept  is 
provided,  prior  to  discussing  the  analysis  and  the  '‘heoretlcal  results. 
The  report  concludes  with  a  description  of  the  experimental  arrangement 
and  a  discussion  of  the  experimental  results. 


2.  Reactlve-Heat-Plpe  Concept 

The  react Ive-heat-plpe  concept  is  discussed  in  some  detail,  elsewhere 
[5,  6,  9].  Only  a  brief  discussion  of  the  system  will  be  presented  in  the 
following,  with  emphasis  on  artery  arrangements. 

A  schematic  diagram  of  the  reactlve-heat-pipe  appears  in  Fig.  1.  The 
wick  is  free-standing,  mounted  at  the  top  of  the  combustor  and  sealed  at  the 
bottom  with  the  molten  lithium  fuel.  The  products  accumulate  at  the  bottom 
of  the  combustor,  as  a  liquid  layer  which  is  immiscible  with  lithium  [3,  S]. 

The  SFs  enters  the  region  enclosed  by  the  wick,  through  an  injector.  The  rate 
of  reaction  is  controlled  by  the  rate  of  inflow  of  SFs.  Reaction  can  continue 
until  all  the  lithium  is  consumed,  at  which  time,  the  lower  part  of  the  combustor 
is  filled  with  molten  product  to  about  the  same  level  as  the  original  lithium. 

Reaction  occurs  as  a  diffusion  flame  near  the  surf act  of  the  wick  [4]. 
Lithium  passes  up  the  wick  by  capillary  action  and  evaporates  from  the  inside 
surface.  After  diffusion  to  the  flame  zone,  the  lithium  reacts  to  form  products, 
releasing  chemical  energy.  The  products  diffuse  back  to  the  wick,  where 
they  condense  as  droplets  (since  the  liquids  are  immiscible).  The  product 
droplets  drain  down  the  wick  and  accumulate  in  the  product  layer.  The  product 
drops  cover  only  about  10%  of  the  wick  surface  area,  so  that  lithium  evaporation 
is  relatively  unimpeded  by  the  presence  of  product  condensate  [4]. 

The  exterior  portion  of  the  wick  acts  as  the  evaporator  of  a  heat  pipe. 
Reaction  energy  is  transported  to  the  wick  by  convection,  radiation  and  product 
condensation.  The  heat  is  conducted  through  the  wick,  causing  lithium  to 
evaporate  from  the  outside  surface.  The  lithium  vapor  flows  to  the  cooler 
heat  exchanger  surfaces  and  condenses,  transferring  the  energy  of  reaction  to 
the  load.  The  condensate  drains  back  into  the  lithium  bath  to  complete  the 
heat  pipe  cycle. 

Since  the  temperature  decreases  through  the  wick,  the  lithium  vapor 
pressure  difference  across  the  wick  causes  the  liquid  level  to  be  displaced 
in  the  region  enclosed  by  the  wick.  At  typical  operating  temperatures  (1200  K) , 
the  lithium  vapor  pressure  is  low  (on  the  order  of  IkPa)  and  the  liquid 
displacement  Is  relatively  small  (10-20  mm) . 

The  lithium  for  both  reaction  and  heat-pipe  action  must  pass  up  the 
crossectlon  of  the  wick.  At  high  power  densities,  the  viscous  pressure  drop 
of  the  flow  through  the  wick  can  exceed  available  capillary  forces.  This 
causes  the  top  of  the  wick  to  dry-off,  resulting  in  wick  burnout  by  direct 
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corroslon  of  the  vd.ck  material  (which  is  stainless  steel  mesh)  by  the  oxidizer. 
Nbnuniform  reaction  rates  over  the  surfact  of  the  wick  can  also  cause  wick 
burnout  by  dryout  of  local  regions  of  high  reaction  rates.  This  behavior 
was  observed  in  earlier  reactive-heat-plpe  test  at  wick  heat  fluxes  greater 
than  300kW/sgm  [6]. 

One  approach  that  can  be  taken  to  increase  allowable  wick  power  densities, 
without  dryout,  is  to  Increase  the  thickness  of  the  wick.  This  provides  more 
flow  area  for  the  lithium,  reducing  the  viscous  pressure  drop.  The  difficulty 
with  this  approach  is  that  increased  wick  thicknesses  result  in  larger  temperature, 
and  thus  pressure,  differences  across  the  wick.  This  causes  an  excessive  liquid 
displacement  under  the  wick  area  allowing  the  ozldlzer  to  bubble  under  the  lower 
edge  of  the  wick,  defeating  the  heat-pipe  action. 

A  more  attractive  approach  for  operation  at  higher  power  density  is  to 
employ  an  arterial  wick,  which  la  a  conventional  method  for  increasing  the 
power  density  of  heat  pipes  [lO].  A  crossectlon  of  an  arterial  wick  for  the 
reactive-heat-plpe  is  illustrated  in  Fig.  2.  The  arteries  are  spaced  around 
the  outside  surface  of  the  wick,  increasing  the  crossectlonal  area  for  flow, 
without  significantly  increasing  the  thickness  of  the  wick.  This  reduces  the 
viscous  pressure  drop  in  the  wick  without  increasing  the  liquid  displacement. 

A  similar  arterial  wick  arrangement  is  considered  in  the  following  theoretical 
and  experimental  investigation. 


3.  Theory 


The  theoretical  analysis  addresses  the  requirements  for  self-priming  the  wick 
arteries,  and  the  pumping  capabilities  of  the  arterial  wick.  The  characteristics 
of  conventional  wicks,  the  vapor  transport  system,  and  condensation  on  the  load 
heat  exchanger ,  have  been  considered  in  earlier  work  [s]. 

3.1  Self-Priming  of  Arteries 

A  requirement  of  conventional  artery  design  is  that  the  arteries  must  be 
self-priming,  i.e.,  sufficient  capillary  action  must  be  present  to  draw  the 
liquid  to  the  top  of  the  artery  without  any  unusual  manipulation  of  the  combustor, 
tipping,  etc.  This  is  an  obvious  safety  feature  so  that  if  the  artery  does 
lose  priming,  e.g.,  by  the  formation  of  a  vapor  bubble  during  heatup,  it  can 
reprlme  Itself  without  outside  Intervention.  Self-priming  also  simplifies 
wick  replacement,  since  a  clean  wick  can  be  Installed  in  the  combustor  without 
saturating  it  with  lithium  beforehand. 

Capillary  rise  occurs  because  the  pressure  on  the  inner  surface  is  less 
than  the  outer  surface.  This  pressure  difference,  is  related  to  the  surface 
tension  and  the  dimensions  at  the  passage  In  which  the  capillary  rise  is 
occuring.  The  maximum  self-priming  height  can  be  determined  by  neglecting  the 
liquid  motion,  and  simply  equating  the  surface  tension  forces  generated  in  the 
artery  to  the  hydrostatic  head  of  the  primed  artery  [lO].  In  the  present 
arrangement,  the  artery  is  vertical. 
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Two  different  artery  crossections  are  considered,  a  rectangular  artery 
having  dimensions  Wa>  La,  and  a  circular  artery  having  a  diameter  da>  The 
surface  tension  force  acting  around  the  periphery  of  the  rectangular  artery 
Is  2 (La  +  Wa)ocos6,  where  6  Is  the  contact  angle  between  the  fluid  and  the  wall 
of  the  artery.  The  pressure  difference  across  the  liquid  surface  by  virtue  of 
the  capillary  rise  In  the  artery  Is  pgh  where  h  Is  the  vertical  rise.  Equating 
the  surface  tension  force  to  the  force  resulting  from  the  pressure  difference, 
yields  the  following  equation  for  the  capillary  rise  height: 


(3.1) 


If  the  liquid  Is  assumed  to  perfectly  wet  the  wall,  cos6  >  1  [lO].  Proceeding 
In  the  same  manner  for  the  circular  artery,  the  capillary  rise  height  Is: 


h  ■  4a/pgd 

3 


(3-2) 


Equations  (3-1)  and  (3-2)  provide  the  needed  design  equations.  Given  the  pro¬ 
perties  of  the  fluid  and  the  required  self-prlmlng  vertical  rise,  h,  the 
artery  dimensions  can  be  selected. 

3. 2  Wick  Analysis 

From  symmetry  considerations,  a  section  of  wick  with  an  artery  passing 
up  the  center  can  be  analyzed.  Figure  3  Is  a  sketch  of  the  model  arrangement. 
The  wick  has  a  length  H-L  above  the  liquid  surface,  where  L  Is  determined  by 
the  temperature  difference  across  the  wick,  as  noted  earlier.  The  parameter  s 
Is  the  spacing  between  arteries. 

For  lack  of  better  Information,  we  assume  that  the  rate  of  reaction  Is 
uniform  over  the  Inner  surface  of  the  wick  [5,  6,  9].  All  the  heat  generated 
by  reaction  Is  assumed  to  pass  through  the  region  of  the  wick  above  the  liquid 
surface  (this  Is  conservative,  since  some  energy  Is  transported  to  the  bath 
In  the  displaced  region) .  We  also  assxime  that  the  vertical  flow  of  liquid  Is 
confined  to  the  arteries,  so  that  the  liquid  passes  up  the  artery  and  then 
spreads  horizontally  across  the  wick.  This  latter  assumption  neglects  the 
vertical  flow  In  the  wick  Itself,  and  Is  also  conservative. 

The  total  mass  flux  of  fuel  leaving  the  wick  surface  for  both  combustion 
and  heat  transport  Is: 

i"  -  m"  +  m"  (3-3) 

3  c 
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The  mass  fluxes  can  be  expressed  In  terms  of  the  heat  flux  through  the  exposed 
portion  of  the  wick,  as  follows: 


-  4"/hfg,  -  4"  (H-L)/HQ^ 


(3-4) 


applying  the  assumption  that  heat  Is  only  transferred  through  the  completely 
exposed  portion  of  the  wick.  Therefore,  the  total  flow  of  lithium  entering 
an  artery  Is 


“o  - 


^C(l-|)(l  +  a-|)] 


(3-4a) 


lAere 


(3-5) 


For  lithium,  a  "  2.2,  over  the  typical  operating  range  of  Li-SFs  combustors 
[5].  The  mass  flow  rate  through  the  artery  varies  linearly  with  distance 
above  the  liquid  surface 


m  *  m^y/(H-L)  (3-6) 

In  order  for  liquid  to  reach  all  points  on  the  wick,  the  available  capillary 
pressure  force  must  be  greater  chan  Che  viscous  and  hydrostatic  pressure  drops 

Ap  >  Ap,  +  Ap  (3-7) 

Examination  of  Fig.  3  indicates  that  point  D  is  the  most  critical  wick  position, 
since  the  length  of  Che  flow  path  and  height  above  the  liquid  surface  is  greatest 
for  this  position.  It  Is  assumed  Chat  the  liquid  has  ready  access  to  point  A 
at  the  liquid  surface,  therefore  only  the  pressure  drops  between  points  A  and  D 
need  be  considered. 

The  viscous  pressure  gradient  in  the  artery  (A-C)  is  given  by  [lO] 

dp  8fm^  (3-7a) 

dy  TT^pdJ' 

3 

The  flow  in  the  artery  is  laminar  for  conditions  considered  in  this  study, 
therefore 


f  -  64/Re 


(3-8) 
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where 


Re  ■  4m/iivd, 


(3-9) 


Substituting  Eqs.  (3-4a),  (3-6),  (3-8)  and  (3-9)  Into  Eq.  (3-7a),  and  completing 
the  Integration  between  points  A  and  C  yields 


APi 


“■A-C 


64ym^(H-L)/7rpd 


(3-10) 


The  viscous  pressure  drop  In  the  wick,  between  points  C  and  D,  can  be 
determined  from  Darcy's  Law  [lO] 


dp  ^  pm 
dx  “  pKA 


(3-11) 


where  K  Is  the  wick  permeability  [ll] 


K  -  d’*e' V[122(1  -  e')^] 


(3-12) 


and 


e'  -  1  -  (TrFNd’/4) 


(3-13) 


The  crimping  factor,  F,  has  the  value  1.05  [ll].  For  an  Incremental  width 
of  wick,  dy,  the  flow  area  Is 


A  a  tdy 


(3-14) 


and  the  mass  flow  rate  entering  the  wick  from  the  artery  Is 


-  m"  sdy/2 


(3-15) 


We  also  have  a  linear  variation  of  the  flow  rate  through  the  wick,  similar 
to  the  artery,  as  follows 


ffl  ■  i^(l  -  2x/s) 


(3-16) 


i. 
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Substitutlng,  Eqs.  (3-3),  (3-4)  and  (3-12)-(3-16)  Into  Eq.  (3-11),  and 
completing  the  integration  yields 

-  y4"82(l  +  a  -  L/H)/8pKtQ,  (3-18) 

C-D  ^ 


Assuming  a  constant  liquid  density,  the  hydrostatic  pressure  drop 
between  points  A  and  D  is 


Ap„  -  Pg(H-L)  (3-19) 

*A-D 

The  capillary  pumping  forces  of  the  wick  between  points  A  and  D,  and  A  and  B, 
are 


APa  -  2a(^  -  ^), 
®A-D  ^A 


AP. 


-  2a/R, 


B-A 


(3-20) 


since  the  radius  of  curvature  of  the  mlnlscus  at  B  is  infinitely  large.  The 
capillary  pressure  difference  between  B  and  A  is  equal  to  the  liquid  head 
difference  between  the  two  points 


Ap_  -  PgL  (3-21) 

®B-A 

Substituting  Eq.  (3-21)  into  (3-20)  provides  the  following  expression  for  the 
capillary  pressure  difference 


Ap  -  2a/lL  -  pgL  (3-22) 

®A-D  ^ 

The  pumping  force  will  be  maximum  where  Is  a  minimum.  For  wire  mesh,  this 
condition  Is  given  by  ^ 


Rjj  -  (6  +  d')/2  (3-23) 

min 


At  the  maximum  allowable  combustion  rate,  the  capillary  pressure  difference 

Is  a  maximum,  equal  to  the  sum  of  the  viscous  and  hydrostatic  pressure  drops. 

If  we  substitute  Eqs.  (3-3),  (3-4a),  (3-10),  (3-18),  0-22)  and  (3-23)  into 

(3-7a),  and  rearrange,  the  following  expression  for  A"  results 

max 


A"  a*u 
^  max 

agp-^KtHQ, 


C 


4o 


pgH(5  +  d’) 


-  1 


] 


S^i(l-^)^-.lT 


(3-24) 
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In  order  to  calculate  ,  the  value  of  L  must  be  known.  The  computation 

of  L  for  a  given  wick  thickness  and  heat  flux  Is  discussed  In  Ref.  5.  The 
properties  of  lithium  used  In  the  calculations  are  also  summarized  In  Ref.  5. 

Two  methods  were  employed  for  property  estimating  as  follows. 

1.  Stagnation  temperature  model.  All  properties  are  evaluated  at  the  vapor 
temperature  present  outside  the  wick  (which  Is  the  stagnation  temperature 
of  the  heat  transport  system) . 

2.  Temperature  jump  model.  The  temperature  difference  across  the  wick. 

Including  the  evaporative  temperature  jump.  Is  evaluated  [s].  Lithium 
properties  are  evaluated  at  the  average  wick  temperature.  This  method 
requires  an  Iterative  procedure  for  each  wick  heat  flux;  first  assuming 

an  average  wick  temperature  for  property  evaluation,  computing  the  temperature 
distribution  through  the  wick,  then  finding  the  new  average  temperature, 
etc. 


4.  Theoretical  Results  and  Discussion 

The  theoretical  results  are  presented  and  discussed  In  this  section. 
Particular  emphasis  was  placed  on  the  wick  configuration  to  be  used  In 
subsequent  tests.  The  dimensions  for  this  standard  wick  configuration  are 
susnarlzed  In  Table  1. 


TABLE  1 

Standard  Wick  Configuration 


Height  (H-L) 

Maximum  liquid  displacement  (L^^^) 
Nominal  wick  diameter 
Wick  configuration 
Wick  material 
Design  temperature 


165  mm 
73  mm 
56  mm 

2  layers,  100  mesh  screen 
Type  316  stainless  steel 
1200K 


This  geometry  was  fixed  by  the  design  of  the  reactlve-heat-plpe  combustor 
that  was  used  for  tests  with  a  conventional  wick  [6]. 
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4.1  Self-Prlmlng  of  Arteries 

Table  2  Is  a  sunmary  of  the  maxlotum  allowable  artery  dimensions  for  self- 

prlnlng  the  standard  wick  configuration.  A  coifservatlve  estimation  is  shown 

for  the  rectangular  arteries,  where  is  taken  to  be  large  in  comparison  to 

W  (a  2-dimenslonal  artery), 
s 

The  allowable  diameter  of  the  circular  artery  is  about  twice  as  large  as 
for  the  rectangular  artery.  The  maximum  allowable  diameter  decreases  with 
increasing  temperature,  due  to  the  reduction  in  the  surface  tension  of  lithium. 
The  largest  possible  artery  size  is  desirable,  in  order  to  reduce  viscous 
pressure  drops.  The  sizes  shown  in  Table  2  are  reasonable  in  this  regard,  and 
are  sufficiently  large  for  convenient  fabrication. 


TABLE  2 

Maximum  Artery  Sizes  for  Self-Priming^ 


TEMPERATORE 

(K) 

DIAMETER  OF 

CIRCULAR  ARTERY 
(mm) 

WIDTH  OF 

RECTANGULAR  ARTERY 
(mm)® 

1000 

1.75 

0,87 

1100 

1.71 

0,86 

1200 

1,67 

0,84 

1300 

1.63 

0.82 

1400 

1.59 

0.79 

^  165  om  vertical  self-priming  height.  Properties  assumed  equal  to  pure  lithium. 
^  L^  assumed  to  be  large. 
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4.2  Wick/ Artery  Performance 

4.2.1  Influence  of  Model  Assumptions 

Table  3  is  a  summary  of  the  comparison  between  the  two  methods  of  estimat¬ 
ing  properties  In  the  calculations.  The  standard  wick  configuration  is  considered. 
The  computations  provide  the  maximum  allowable  heat  fl'x,  without  wick  dryout 
at  point  D  In  Fig.  3,  as  a  function  of  artery  diameter.  Wicks  with  one  and 
two  arteries  are  considered. 


TABLE  3 

Comparison  of  Predictions  with  the  Two  Property  Models^ 


ARTERY  DIAMETER 
(mm) 


_ MAXIMUM  HEAT  FLUX  (kW/m^) _ 

STAGNATION  TEMPERATURE  TEMPERATURE  JUMP 

METHOD  METHOD 


One  Artery: 

.5  73  73 

1  825  828 

2  2320  2240 

4  2615  2645 

Two  Arteries: 

.5  148  149 

1  1960  1970 

2  8280  8550 

4  10400  10800 


^  Standard  wick  configuration.  Table  1,  at  1200K. 
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The  results  of  the  two  models  are  nearly  the  same,  with  a  maximum  difference 
of  4Z  for  a  4imii  artery.  Therefore  the  results  of  the  calculations  are  relatively 
insensitive  to  the  average  temperature  for  property  selection  for  the  present 
range  of  heat  fluxes. 

As  the  size  of  the  artery  increases,  the  maximum  allowable  heat  flux 
increases  due  to  reduced  viscous  pressure  drop  in  the  artery.  Eventually  a  con¬ 
dition  is  reached,  however,  vdiere  the  maximum  heat  flux  becomes  relatively 
Independent  of  artery  size.  In  this  region,  the  gravitational  head  and  the 
viscous  pressure  drop  in  the  wick  Itself  (in  flowing  from  C  to  0,  Fig.  3)  are 
the  controlling  factors.  For  a  required  wick  height,  the  hydrostatic  pressure 
drop  cannot  be  changed;  however,  the  viscous  pressure  drop  in  the  wick  can  be 
reduced  by  using  more  arteries.  This  is  evident  by  comparing  the  results  for 
one  and  two  arteries  in  the  plateau  region,  comprising  the  larger  artery  sizes 
in  Table  3. 

The  effect  of  stagnation  temperature  on  the  maximum  heat  flux  is  summarized 
in  Table  4  for  a  single  artery,  in  the  standard  wick  configuration.  This 
result  also  indicates  that  temperature  levels  have  a  relatively  minor  effect 
over  the  range  of  Interest  in  this  investigation.  The  effect  of  the  liquid 
displacement,  L,  on  the  ma-ic-tmum  wick  power  density  is  also  not  very  large  for 
the  standard  configuration.  This  can  be  seen  from  the  results  given  in  Table 
5. 


TABLE  4 

Effect  of  Mean  Temperature  on  Maximum  Wick  Power  Density 


ARTERY  DIAMETER 
(mm) 

MAXIMUM 

HEAT  FLUX 

(kW/m^) 

lOOOK 

1200K 

1400K 

.5 

67 

73 

78 

1 

753 

825 

882 

2 

2110 

2320 

2480 

4 

2380 

2615 

2795 

One  artery,  stagnation  temperature  model,  standard  wick  configuration. 


TABLE  5 


Effect  of  Liquid  Displacement  on  Maximum  Ulck  Power  Density^ 


ARTERY  DIAMETER 
(mm) 

MAXIMUM  HEAT 

FLUX  (kW/m^) 

L  =  0 

L  ■  73  mm 

.5 

72 

73 

1 

810 

825 

2 

2270 

2320 

4 

2560 

2615 

One  artery,  standard  wick  configuration,  except  L  as  noted,  stagnation 
temperature  model. 


4.2.2  Wick  Configuration  for  the  Tests 

Test  objectives  implied  a  maximum  wick  power  density  of  500kW/ sq-m.  Due 
to  uncertainties  in  the  uniformity  of  the  reaction  rate  over  the  inside  surface 
of  the  wick,  a  factor  of  safety  of  8  was  specified  for  the  wick  pumping  capability. 
This  implies  a  design  wick  power  density  of  4000  kW/  sq-m. 

With  this  objective,  the  effect  of  varying  the  number  and  size  of  arteries 
was  examined  for  the  standard  wick  configuration.  The  stagnation  temperature 
model  was  used  for  these  calculations,  since  it  is  more  conservative  than 
the  temperature  jump  model  (Table  3).  The  results  are  illustrated  in  Fig.  4 
and  summarized  in  Table  6.  Combining  the  requirements  for  self-priming  and 
maximum  wick  power  density,  four  equally  spaced  arteries,  each  having  a  1mm 
diameter,  is  adequate  for  the  planned  test  program.  This  configuration  was 
selected  for  the  tests. 

The  use  of  more  arteries  would  increase  pumping  capabilities.  However, 
this  increases  the  problems  of  artery  fabrication  and  the  presence  of  more 
arteries  would  further  constrict  the  heat  flow  path  through  the  wick. 


I 

J 


MAXIMUM  WICK  POWER  DENSITY  (kW/m 


Figure  4  Effect  of  number  and  diameter  of  arteries  on 
maximum  vlck  power  density. 
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TABLE  6 

Effect  of  Number  and  Diameter  of  Arteries 
on  Kaxlmum  Wick  Power  Density 


ARTERY  DIAMETER 
(mm) 

MAXIMUM  HEAT  FLUX 

(kW/m^) 

NO.  ARTERIES:  2 

4 

8 

.5 

148 

298 

598 

1 

1960 

4315 

9090 

2 

8280 

27290 

80450 

4 

10370 

40790 

157900 

Standard  wick  configuration,  stagnation  temperature  model,  1200K. 


At  this  point,  it  is  useful  to  compare  the  arterial  wick  with  the  conventional 
arrangement  used  in  the  earlier  tests  [&].  The  analysis  of  the  conventional 
reactlve-heat-pipe  is  presented  by  You  and  Faeth  [5].  The  maximum  heat  flux 
expression  is 


Hy  4o 

„  pgH(5  +  d»)  (4-1) 

Zgp^Ktq^  (1  +  a  -  |)(1  - 

in  the  notation  of  this  report. 

The  performance  of  these  two  arrangements  is  compared  in  Table  7.  The 
arterial  configuration  is  the  present  design  selection.  At  each  temperature 
considered  in  the  table,  the  maximum  wick  power  density  of  the  arterial  wick 
is  more  than  five  times  higher  than  the  conventional  arrangement. 


4.2.3  Effect  of  Mesh  Size 


A  final  series  of  calculations  examined  the  effect  of  mesh  size  on  the 
four-artery  arrangement  with  the  standard  wick  configuration.  The  results 
are  illustrated  In  Fig.  5. 


TABLE  7 

Comparison  of  Conventional  andArterlal  Wicks 


Stagnation  Tenqierature  (R) 

Maximum  Heat 

Flux  (kW/m^) 

Conventional  Wlck^ 

Arterial  Wick^ 

1000 

676 

3930 

1200 

760 

4350 

1400 

833 

4610 

Standard  wick  configuration. 

^  Standard  wick  configuration,  four,  1  mm  diameter  arteries,  stagnation 
temperature  model. 


The  wick  power  density  reaches  an  optimum  at  a  certain  mesh  size.  This 
behavior  follows  from  the  counteracting  effects  of  Increasing  capillary  and 
viscous  pressure  differences  with  Increasing  mesh  size.  The  optimum  mesh 
size  of  175  yields  only  a  28%  Increase  in  the  maximtim  wick  power  density,  over 
the  configuration  chosen  for  the  tests.  Experience  with  wick  fabrication  using 
100  mesh  screen  was  rather  extensive,  and  the  potentially  small  gain  In  performance 
did  not  warrant  a  change  In  wick  materials. 


5.  Self-Prlmlng  Teats 

A  series  of  tests  were  run  in  an  auxiliary  apparatus  in  order  to  Investigate 
the  self-priming  characteristics  of  the  proposed  artery  designs.  The  need  for 
these  tests  was  due  to  the  Irregular  passage  shape,  compared  with  those  employed 
In  the  analysis  of  self-prlmlng,  the  use  of  mesh  to  form  the  artery  walls  (as 
opposed  to  a  solid  tube) ,  as  well  as  uncertainties  In  the  physical  properties 
of  the  llthltim  used  In  present  testing. 


X 


STANDARD  WICK  CONFIGURATION 
FOUR  1  tnm  ARTERIES 

_ I _ I _ I _ L 

100  200 

WICK  MESH  SIZE  (WIRES/INCH) 


Figure  5  Effect  of  mesh  size  on  maximum  wick  power  density 


The  self-priming  test  arrangement  is  illustrated  in  Fig#  6.  Lithium  does 
not  wet  new  stainless  steel  parts  at  low  temperatures  due  to  a  thin  oxide 
layer  present  on  all  such  materials.  When  heated,  however,  lithium  reduces 
the  oxide  layer  and  wets  the  part  [l2].  Therefore,  it  was  necessary  to  simulate 
the  wetting  procedure  used  during  combustor  operation,  which  involves  heating 
the  wick  assembly  to  1100-1200K. 

The  apparatus  consists  of  a  cylindrical  tube  heated  with  an  Insulated 
electrical  coll.  Four  thermocouples  were  spot-welded  to  the  outside  surface 
of  the  tube,  for  temperature  monitoring.  The  upper  end  of  the  tube  was  closed 
with  a  cap.  A  purge  flow  of  argon  was  provided  at  the  top  of  the  tube  in  order 
to  prevent  contamination  of  the  lithium  with  air. 

The  test  assembly  consisted  of  a  wick  segment,  400  mm  long  and  40  mm  wide, 
containing  one  artery.  The  wlck/artery  segment  was  spot-welded  to  a  rod,  which 
held  the  segment  vertical  and  provided  a  means  of  removing  the  assembly  following 
a  test.  The  bottom  of  the  segment  was  placed  in  a  pool  of  lithium  which  supplied 
the  liquid  for  self-priming. 

The  wick  was  constructed  of  two  layers  of  100  mesh  type  316  stainless  steel 
woven  wire  cloth.  The  arteries  were  constructed  by  deforming  the  outer  layer 
of  mesh  with  a  die,  so  that  the  passage  was  between  the  two  layers  of  screen. 

The  two  layers  of  screen  were  spot-welded  together. 

The  test  procedure  Involved  purging  the  tube  with  argon  and  then  adding 
solid  lithium,  which  when  melted  would  form  the  pool.  The  wick/artery  segment 
was  then  placed  in  the  tube,  resting  on  the  bottom.  The  system  was  heated  to 
1140K  and  allowed  to  stand  for  approximately  one-half  hour.  The  heaters  were 
then  turned  off  and  the  system  was  allowed  to  cool.  Before  the  pool  of  lithium 
solidified,  the  wick/artery  segment  was  raised  out  of  the  liquid  so  that  it 
could  be  readily  removed  for  inspection  when  cooling  was  complete. 

5.2  Results  and  Discussion 

The  results  of  the  self-priming  tests  are  summarized  in  Table  8.  The  first 
configuration  only  primed  to  140  mm  and  was  unsatisfactory.  This  artery  was 
somewhat  oversized,  and  due  to  relatively  crude  dies,  the  crossectional  area  of 
the  artery  varied  along  the  length  of  the  segment.  The  maximum  artery  dimension 
was  also  larger  than  a  circular  artery  of  the  same  crossectional  area. 

The  second  test  Involved  the  use  of  better  dies,  achieving  the  desired 
dimensions.  However,  the  self-priming  height  was  only  slightly  above  the 
required  design  height  of  165  mm.  This  was  judged  to  be  an  insufficient  safety 
margin  for  the  design  due  to  potential  uncertainties  in  fabrication  of  the  entire 
wick  assembly. 


-21- 


THERMOCOUPLE 

(TYP.) 

WICK  SEGMENT 


Sketch  of  self-priming  evaluation  apparatus 
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The  third  test  arrangment  employed  a  half-artery  Insert  to  provide  a  more 
circular  passage.  This  arrangement  yielded  a  self-prlmlng  height  of  304  mm, 
compared  to  the  predicted  height  of  280  mm  for  a  circular  artery  of  1  mm  ID  at 
the  temperature  levels  of  the  tests. 

Figure  7  Is  a  photograph  of  this  assembly  following  the  test.  The  wick 
Itself  Is  primed  nearly  to  the  top  of  Its  400  mm  length.  The  top  does  not 
prime  since  this  region  was  cooler  and  did  not  provide  conditions  where  the 
surface  was  properly  prepared  for  wetting  by  lithium.  The  wick  forming  the 
artery  passage  Is  not  wetted  beyond  the  height  to  which  the  artery  Is  primed. 
This  Illustrates  the  Importance  of  complete  self-prlmlng  for  the  present  design, 
since  unwetted  portions  of  the  wick  would  be  rapidly  attacked  by  SFe  at  typical 
combustor  operating  conditions. 


TABLE  8 

Summary  of  Self -Priming  Test  Results 


TEST 

GEOMETRY^ 

SELF-PRIMING  HEIGHT  (mm) 

_ 1+  K 

1 

1+ 

140 

4- 

-1  1  h 

2 

1 

178 

<4 

-\  1  h 

3 

1 

—O— 

304 

T 

see  note  b 

Lines  represent  outer  surface  of  mesh,  dimensions  In  mm. 

^  A  one-half  artery  Insert  was  spot-welded  to  the  outer  surface  of  the  inner 
layer  of  screen  In  this  configuration. 
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Figure  7  Photograph  of  the  Wick/Artery  Segment  after  Test  3. 
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6.  Reactive-Heat-Pipe  Combustor  Tests 

6.1  Teat  Apparatus 

The  apparatus  used  to  test  the  arterial  wick  arrangment  was  Identical  to 
the  design  employed  In  earlier  reactlve-heat-pipe  tests  [&]•  Only  a  brief 
description  will  be  presented  here,  complete  details  may  be  found  In  Ref.  6. 

Crossectlonal  sketches  of  the  side  and  end  views  of  the  combustor  appear 
In  Figs.  8  and  9.  The  design  Is  summarized  in  Table  9.  The  only  change  In 
the  system  from  the  earlier  tests  [6],  Involved  the  use  of  arterial  wick  assemblies. 
The  wick  configuration  employed  four  arteries  having  the  same  geometry  as  Test  3 
of  the  self-prlmlng  tests.  The  arteries  were  equally  spaced  around  the  periphery 
of  the  wick.  A  photograph  of  an  arterial  wick  assembly  prior  to  installation 
In  the  combustor  appears  in  Fig.  10.  The  combustor  employed  two  Injector/wlck 
assemblies. 

The  combustor  is  filled  to  Its  centerline  with  fuel.  The  upper  half  of  the 
combustor  acts  as  the  load  heat  exchanger  while  the  lower  half  acts  as  a  fuel- 
product  storage  region.  Heat  Is  transferred  from  the  combustor  by  convection 
and  radiation  to  the  surrounding  test  cell.  The  rate  of  heat  loss  can  be 
varied  by  changing  the  position  of  movable  radiation  shields  over  the  heat 
exchanger  area. 

The  sulfurhexafluorlde  flows  Independently  to  the  two  Injector/wick 
assemblies.  The  flow  rate  to  each  Injector  Is  monitored  by  measuring  the  upstream 
pressure  on  two  critical  flow  orifices.  The  flow  Is  varied  by  varying  the  pressure 
upstream  of  the  orifices  with  pressure  regulators. 

The  combustor  Is  Ignited  by  heating  the  system  with  electrical  colls  located 
under  the  insulation  around  the  body  of  the  combustor.  These  colls  also  facilitate 
heating  the  combustor  when  fuel  is  added  or  combustion  products  are  removed  [6]. 

The  combustor  Is  operated  In  a  batch  mode. 

Combustor  temperatures  are  monitored  with  chromel-alumel  thermocouples 
spot-welded  to  the  surface.  The  temperatures  are  recorded  on  several  Leeds  and 
Northrup  Speedmax  H,  Type  S  multipoint  recorders.  Calibration,  wick  priming 
and  degassing  procedures  were  the  same  as  In  earlier  tests  [6]. 


-25- 


TABLE  9 

Design  Summary  of  Reactlve-Heat-Plpe  Employing  Arterial  Wicks 


Fuel  Loading 


6  kg 


Energy  Content^ 
Haxlmum  Power 
Dimensions 


75  kW-hr^ 

15  kW 

273  mm  diameter  x  521  mm  long 
(uninsulated) 


Number  of  Injectors 


2 


Wick  Material 


2  layers,  100  x  100  mesh,  type  316 
stainless  steel  woven  wire  cloth 


Wick  Diameter 

Active  Wick  Height'^ 

Wick  Power  Density*^ 

Artery  Configuration 

Heat  Exchanger 

Baffle  Passage  Dimensions 


Heat  Exchanger  Power  Density 


56  mm 

160  mm 
250  kW/m^ 

4  per  wick,  1  mm  diameter 
Radiative 

23  mm  wide  x  380  mm  long^ passage  ends 
25  mm  above  liquid  surface 

92  kW/m^  (maximtim) 


Start  System 


Electrical  Heaters 


®  Based  on  12.46  kW-h/kg  of  fuel  [8]. 

^  Distance  from  outside  liquid  surface  to  top  of  wick. 
Both  wick  assemblies  operating  at  full  combustor  power. 


Figure  8  Side  View  of  the  Experimental  Reactive-Heat-Pipe  Combustor 


INJECTOR 
(NICKEL  LINED) 


Figure  9  End  View  of  the  Experimental  Reactlve-Heat-Plpe  Combustor 
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Figure  LO  Photograph  of  an  arterial  wiok  assembl'- 
prior  to  installation  in  the  combustor . 
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6.2  Test  Results  and  Discussion 


The  objectives  of  the  combustor  test  were  to  demonstrate  the  operation 
of  arterial  wick  assemblies,  and  to  determine  the  maximum  wick  power  density 
without  wick  burnout.  The  maximum  possible  wick  power  density  that  could  be 
considered  was  500  kW/m^.  This  corresponds  to  the  combustor  running  at  full 
power  on  one  Injector /wick  assembly. 

The  major  results  of  the  test  are  summarized  In  Table  10.  This  test  ran 
for  2.3  hours,  and  was  terminated  since  both  wicks  had  exceeded  their  maximum 
power  densities  and  had  given  Indication  of  burnout.  This  was  the  sixth  test 
with  the  combustor,  with  total  operating  time  of  the  unit  was  18.6  hours,  follow¬ 
ing  the  test. 


TABLE  10 

Summary  of  Arterial  Wick  Reactive-Heat-Pipe  Combustor  Test^ 


Duration  (h)  2.5 

Maximum  Power  (kW)  14 

Maximum  Wick  Power  Density'^  (kW/m^) 

Left  Wick  440 

Right  Wick  312 

Maximum  Flow  Power  Density^  (kW/m^) 

Left  Wick  5030 

Right  Wick  3565 

Maximum  Wall  Temperature  (K)  1175 


^  This  was  the  sixth  teat  with  this  combustor.  The  other  tests  are  described  in 
Ref.  6.  The  total  operating  time  of  the  combustor  following  this  test  was 
18.6  h. 

^  Power  density  when  wick  burnout  was  detected. 


-30- 


Combustor  operating  conditions  during  the  test  are  illustrated  in  Figs. 

11-14.  The  combustor  was  ignited  at  920K  and  brought  to  operating  temperatures. 

This  was  done  relatively  slowly  so  that  satisfactory  operation  of  the  system 
could  be  verified  prior  to  running  at  high  power  levels. 

Once  operating  temperatures  were  reached,  the  combustor  power  level  was 
Increased  in  steps  to  a  full  power  condition.  Each  power  setting  was  maintained 
for  about  10  minutes  so  that  stable  operation  was  assured  before  the  next  power 
Increase  was  undertaken.  Combustor  wall  temperatures  were  maintained  relatively 
constant,  the  power  level  was  varied  by  moving  the  radiation  shields.  In  this 
period,  the  injectors  were  equally  loaded.  Fig,  13,  finally  reaching  the 
original  design  wick  power  density  of  250  kW/m^. 

The  left  injector  was  then  tested  at  higher  power  levels,  in  steps,  while 
reducing  the  flow  rate  to  the  right  Injector  in  order  to  maintain  a  constant 
wall  temperature  at  full  power  operation.  After  about  ten  minutes  of  operation 
at  a  wick  power  density  of  440  kW/m^,  a  local  hot  spot  was  observed  on  the  injector 
riser.  This  was  also  accompanied  by  a  rapid  increase  in  combustor  pressure.  It 
was  assumed  that  wick  burnout  had  occurred  and  the  combustor  was  immediately 
brought  to  idle.  At  this  point  the  hot  spot  disappeared. 

The  test  continued  using  the  right  injector  with  the  left  injector  remaining 
at  idle.  In  this  case  a  local  hot  spot  and  a  rapid  rise  in  combustor  pressure 
was  observed  at  a  power  density  of  312  kW/m^.  The  combustor  was  then  shut 
down  and  the  contents  were  transferred  to  the  product  storage  tank,  using  the 
dump  procedure  described  in  Ref.  6.  After  cooling,  the  combustor  was  opened 
for  inspection. 

Aside  from  the  rapid  pressure  spike  noted  when  the  hot  spot  appeared,  pressures 
in  the  reaction  space  of  each  wick  assembly  were  normal,  cf.Flg.  14.  As  power 
levels  increase  and  decrease,  pressures  vary  accordingly  in  response  to  the  vary¬ 
ing  temperature  levels,  and  thus  vapor  pressure  levels,  on  the  inside  surface  of 
the  wick  [4]. 

Figure  15  is  a  photograph  of  the  wick  assemblies  following  the  test.  The 
right  wick  had  an  oval  shaped  hole  about  8  mm  long  and  5  ram  wide,  located  about 
20  mm  from  the  top  of  the  wick  and  12  mm  from  the  nearest  artery.  The  hole  in 
the  left  wick  was  larger,  12  am  by  7  mm,  located  about  20  mm  from  the  top  of 
the  wick,  about  half-way  between  the  arteries.  The  remainder  of  each  wick  was 
in  good  condition  with  no  evidence  of  damage  from  the  hot  spots.  Reduced  damage 
in  comparison  to  earlier  wick  burnout  tests  was  the  result  of  earlier  recognition 
of  burnout  and  reduction  of  oxidizer  flow  rates. 

If  reaction  rates  were  uniform,  the  observed  conditions  at  failure  should 
not  have  been  severe.  It  appears  that  substantial  reaction  rate  nonuniformities 
are  present  in  this  design,  with  the  bulk  of  the  reaction  concentrated  in  the  upper 
portion  of  the  wick  at  high  oxidizer  flow  rates.  The  fact  that  the  holes  did  not 
appear  at  the  very  top  of  the  wick  is  not  surprising,  since  this  region  is 
quenched  to  some  degree  by  heat  loss  from  the  injector  area. 


POWER  (kW) 
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Figure  11  Total  power  variation  during  the  test. 


PRESSURE  (mmHG) 
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Figure  14  Injector  pressures  during  the  test. 


Figure  15  Photographs  of  wick  assemblies  after  the  test. 


The  relation  between  the  pressure  spike  noted  at  the  time  of  burnout,  and 
burnout  Itself  Is  not  understood  at  this  time.  A  sudden  Increase  In  wick 
temperature  should  be  accompanied  by  an  Increase  In  pressure,  as  noted  earlier. 
However,  wick  burnout  only  yielded  high  temperatures  In  a  limited  area,  and 
the  mechanism  for  the  entire  reaction  zone  Increasing  In  pressure  Is  not  clear. 

Another  explanation  for  the  pressure  rise  Is  that  the  Injector  flow  was 
partially  deflected  by  product  condensed  on  the  top  of  the  reaction  zone. 

Periodic  pressure  disturbances  of  this  type  have  been  observed  during  most  tests 
with  wick-type  combustors.  The  cycle  Involves  gradually  decreasing  temperatures 
near  the  Injector,  accompanied  by  an  Increase  In  the  Indicated  combustor  pressure 
(taken  to  represent  an  Increased  pressure  drop  across  the  Injector).  This  Is 
followed  by  a  period  of  Increased  temperatures  In  the  Injector  area  and  normal 
combustor  pressures  for  the  operating  condition.  These  events  suggest  the 
buUd-up  of  a  product  layer  along  the  top  surface  of  the  combustor,  which  Insulates 
the  metal  and  also  Interferes  with  the  flow  through  the  Injector.  The  layer  then 
reaches  a  critical  thickness  and  drlps-off,  reducing  both  the  thermal  and  flow 
resistance.  Product  condensate  accumulates  again  and  the  cycle  repeats  Itself. 

If  the  flow  through  the  Injector  Is  Impeded,  the  gas  jet  leaving  the 
Injector  could  be  deflected  toward  the  wick  surface.  This  would  result  In  high 
transport,  and  thus  reaction,  rates  at  the  stagnation  point  where  the  flow  strikes 
the  wick,  resulting  In  the  local  burnout  observed  In  these  tests.  High  flow 
rates  would  be  more  critical,  since  the  jet  penetrates  further  Into  the  reaction 
apace  at  these  conditions,  and  stagnation  point  transport  rates  Increase  with 
Increasing  local  velocities. 

The  correction  for  either  of  these  explanations  would  Involve  reducing  the 
aspect  ratio  of  the  wick.  Stated  another  way,  the  modification  would  require 
reduced  flow  power  densities.  This  would  reduce  nonuniformity  since  more  area 
would  be  available  for  mixing.  If  the  jet  were  deflected,  the  distance  to  the 
wick  would  also  be  greater,  reducing  stagnation  point  transport  rates.  If 
deflection  Is  the  major  problem,  modification  of  the  Injector,  perhaps  extending 
the  tip  further  Into  the  reaction  space,  would  also  be  helpful. 

Some  noncondensibles  were  observed  In  the  heat  transport  system  during  the 
test,  although  their  presence  did  not  limit  maximum  power  capabilities.  Condenser 
wall  temperature  distributions  are  Illustrated  In  Figs.  16  and  17.  The  axial 
distributions  shown  In  Fig.  17  particularly  Illustrate  noncondensible  effects. 

When  only  the  left  Injector  was  operating,  the  vapor  flow  piimps  the  noncondensibles 
to  the  right  side  of  the  combustor,  resulting  In  low  temperatures  In  this  region. 
The  directions  are  just  reversed  when  only  the  right  Injector  Is  operating. 


TEMPERATURE  (K) 


Circumferential  wall  temperature  distributions 
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7.  Conclusions 


The  theoretical  results  Indicate  that  arterial  wicks  show  good  potential 
for  Increasing  the  wick  power  density  of  reactlve-heat-plpe  combustors. 

Predicted  wick  power  densities  are  In  the  range  of  MW/m^,  which  would  provide 
relatively  compact  wick  arrangements. 

The  test  results  verified  the  self-prlmlng  predictions,  when  the  arteries 
were  accurately  fabricated. 

The  wick  power  densities  achieved  during  the  present  tests  were  only  slightly 
higher,  at  burnout,  than  earlier  results  with  conventional  wicks  [6j.  This 
occurred  even  though  the  present  wicks  had  almost  8  times  the  pumping  capability 
of  the  conventional  design.  The  result  suggests  that  burnout  Is  a  very  nonlinear 
event,  which  when  started  can  exceed  the  pumping  capabilities  of  practical  wick 
designs.  Deflection  of  the  Jet  toward  the  wick  Is  the  most  likely  event  of  this 
type,  although  nonuniform  combustion  confined  over  the  upper  portions  of  the 
wick  Is  probably  a  contributing  factor. 

The  design  adjustment  required  to  overcome  nonuniform  combustion  Involves 
providing  a  greater  distance  between  the  Injector  and  the  wick.  This  can  be 
accomplished  by  using  lower  wick  aspect  ratios.  Modification  of  the  Injector 
to  reduce  the  possibility  of  Jet  defection  would  also  be  helpful.  If  proper 
cooling  can  be  maintained,  extending  the  Injector  Into  the  reaction  space  should 
also  help,  since  the  product  condensate  would  be  directed  more  along  the  line 
of  flow  of  the  Jet  with  less  potential  for  blockage  of  the  Injector  passage. 

All  other  aspects  of  the  test  were  satisfactory.  The  levels  of  noncondensibles 
were  low  and  good  condenser  action  was  achieved.  Variable  load  operation  with 
different  power  levels  on  each  wick  was  demonstrated  with  no  difficulty.  Filling 
and  dumping  procedures  were  routine.  Aside  from  the  small  holes  In  the  wick, 
which  were  Inevitable  due  to  the  objectives  of  the  test,  all  combustor  components 
were  In  excellent  condition  following  the  test. 
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